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Some eyes work better in the dark than others. The
apposition type of compound eye that bees and other
diurnal insects possess is usually of little use after
nightfall. Nevertheless some tropical sweat bees have
pushed the limits of this unfavourable design so far
that they can navigate using landmarks that are too
dim for humans to make out.
The problem with trying to see in near darkness is that
very few photons reach the rhodopsin molecules in the
photoreceptors. As photon arrivals are unpredictable,
low numbers mean unreliable statistics — just as they
do in any other task. In vision, this unreliability takes the
form of progressive loss of sensitivity to contrast in the
image, which in turn leads to loss of spatial resolution
[1,2]. All this is familiar from our own experience.
In a paper in this issue of Current Biology, Warrant et
al. [3] address the question of how a tropical halicted
bee manages to acquire enough photons to be able to
perform visually demanding tasks at light levels equiv-
alent to starlight. The answer turns out to be a mixture
of anatomical adaptations — these bees have big eyes
as the genus name Megalopta implies — but also some
neural adaptations that involve pooling photon signals
across both space and time.
Can we assess how well a particular eye will perform
in dim conditions? The answer is that we can go a large
part of the way from purely anatomical deductions.
Some features are obvious. A large lens will produce a
brighter image than a small one with the same focal
length. Wide receptors will obviously capture more
photons from the image, but in this case there is a
penalty as the resolution of the eye will be coarsened.
We can put these ideas on a mathematical footing
using an expression originally devised by Kirschfeld [4]:
Sensitivity = (π/4)² D² ∆ρ² Pabs
where D is the diameter of the aperture of the eye, ∆ρ is
the angle in outside space over which a receptor
accepts light (see Figure 1), and Pabs is the proportion
of the light entering a receptor that is absorbed, typi-
cally between about 0.3 and 1. The π/4 term comes
from the circular cross sections of both the aperture
and receptors. Sensitivity here can be taken as the ratio
of the number of photons absorbed by a receptor to the
number emitted from an extended source in units of
photons steradian–1 sec–1 m–2.
To give an idea of the numbers involved, a cone in
the human fovea will receive about 300,000 photons
per second when viewing a white card in sunlight: this
assumes a 90% loss from scattering in the ocular
media and from screening pigment absorption [5,6].
This is enough for us to see everything we could
possibly wish. If, however, we reduce the intensity to
moonlight levels (by a million), the cones will each
receive only a few photons per second (even allowing
for the larger pupil), and with this one can discern very
little. Indeed, we stop seeing in colour and turn the job
over to the much more sensitive rod system at light
levels about ten times that of moonlight.
Interestingly, the sensitivity of the eye of a honey bee
is not very different from that of the human fovea, in spite
of their completely different construction. The reason is
that although the aperture of a bee ommatidium (about
25 µm) is a hundred times smaller than the human day-
light pupil, the acceptance angle (∆ρ) of a bee rhabdom
— the photopigment-containing structure — is about a
hundred times greater, and these roughly cancel each
other in the equation. (To get an idea of just how bad
insect eyesight is, hold your middle fingernail at arm’s
length. That is about 1º, the width of a bee’s visual pixel). 
How have the bees studied by Warrant et al. [3]
managed to stretch the apposition design to come up
with sufficient sensitivity for near-nocturnal vision.
Looking at the sensitivity equation, there are not many
possibilities. They could increase the diameter (D) of
each facet, and have done so by a factor of nearly two
compared with a honey bee. They have also increased
the acceptance angle ∆ρ by a factor of about two rela-
tive to a honey bee, by having very wide (8 µm diameter)
rhabdoms. This entails a loss of resolution, but in the
dark really good resolution becomes unusable anyway,
because there are not enough photons to exploit it. The
proportion of light absorbed (Pabs) is close to 1 in honey
bee eyes, so there is not much spare capacity here.
Overall, Warrant et al. [3] estimate that optical factors
alone have bought Megalopta an improvement in sensi-
tivity of about times 30.
But this is not enough. To do the things Megalopta
does — foraging and distinguishing its nest hole from
among others at light levels where human observers can
see almost nothing — requires greater sensitivity still.
Warrant et al. [3] estimate the shortfall to be another
factor of 100. They argue that this must come from two
sources: spatial and temporal summation. Both are well
known from human psychophysics, but little studied in
insect vision. At the threshold of human vision, the rods
are organised into large pools of perhaps 500 [6]. This
means a much greater effective photon count for the
retinal ganglion cells, but at the expense of resolution. It
seems that Megalopta does something similar, using a
lateral plexus in the first ganglionic layer (the lamina) to
pool the signals from neighbouring ommatidia. 
In dim conditions all visual systems slow down. Thus
the response to a brief flash may last 30 msec in a light-
adapted locust photoreceptor, but 100 msec in a dark-
adapted receptor [7]. This increased tardiness means
that the receptors have longer integration times over
which they can sum photons, and this increases sensi-
tivity. The problem with both spatial and temporal 
summation is that eventually they get in the way of the
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bee’s ability to do its job. Seeing a small hole is not
helped by reduced resolution, and flying around without
crashing is certainly impeded by slow vision. It does seem
that Megalopta has finally exhausted all the possibilities.
How do other nocturnal animals fare? In insects and
crustaceans there is another kind of eye, known as a
superposition eye, where the optical contributions of
many facets combine to form a single deep-lying
image. This gives the eye an effective pupil area a
hundred or even a thousand times larger than in an
apposition eye, with a corresponding increase in
sensitivity. Nocturnal insects such as moths and fireflies
use this system, as do deep-water crustaceans such as
krill. As Exner [8] showed over a century ago, the optics
of these eyes are not simple: the optical elements have
to function as two-lens telescopes. For vertebrates and
other animals with single chambered eyes, such as
squid, the secret to high sensitivity is size (Figure 1). For
an eye of a given size, the aperture can only increase
up to the diameter of the eye itself. If resolution is not to
be compromised — increasing ∆ρ — the only way to
secure a larger aperture is by making the entire eye
bigger. It is no accident that the giant squid and some
extinct ichthyosaurs, both deep-sea predators with a
need for resolution as well as high sensitivity, have eyes
the size of dinner plates [9]. 
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Figure 1. Ways of increasing an eye’s sensitivity. 
(A) Typical diurnal eye with a small lens. D, aperture diameter; f,
focal length; d, receptor diameter; ∆ρ, receptor acceptance angle
= d/f. (B) Increase in size of lens aperture. (C) Increasing ∆ρ, which
coarsens resolution. (D) To improve on (B) without loss of resolu-
tion requires an increase in all dimensions, and a bigger eye.
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